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Dementia includes several diseases characterized by acquired and irreversible brain
dysfunctions that interfere with daily life. According to the etiology, dementia can
be induced by poisoning or metabolic disorders, and other cases of dementia
have a clear pathogenesis. However, half of neurodegenerative diseases have an
unclear pathogenesis and etiology. Alzheimer’s disease (AD), Lewy body dementia
and frontal-temporal dementia are the three most common types of dementia. These
neurodegenerative diseases are characterized by the appearance of the following
specific protein inclusions: amyloid beta and tau in AD; α-synuclein in Lewy body
dementia; and tau, TDP-43, or FUS in frontal-temporal dementia. Thus far, studies
on the pathogenesis of dementia mainly focus aberrant inclusions formed by the
aforementioned proteins. As a historically heavily studied protein tau is likely to be
associated with the pathogenesis of several neurodegenerative diseases that cause
dementia. The role of tau in neurodegeneration has been unknown for many years.
However, both pathological and genetic analyses have helped tau become gradually
recognized as an important factor in the pathogenesis of tauopathy. Currently, especially
in the field of AD, tau is attracting more attention and is being considered a
potential target for drug development. In this review article, previously discovered
biochemical and pathological features of tau are highlighted, and current opinions
regarding the neurotoxicity of tau are summarized. Additionally, we introduce key amino
acid sequences responsible for tau neurotoxicity from our studies using transgenic
Caenorhabditis elegans. Finally, a new hypothesis regarding the roles of microtubule-
associated protein 2 (MAP2) and tau in the pathogenesis of tauopathy is discussed.
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TAU AND TAUOPATHY
Tau is a neuronal microtubule-associated protein and is primarily distributed in axons. It has
been suggested that the major function of tau is the stabilization of microtubules, but additional
studies on tau-knockout mice may reveal previously unknown functions in the future (Kimura
et al., 2013). The gene encoding tau in humans is MAPT, which is located on the long arm
of chromosome 17 (17q21). In the human adult brain, translated tau mRNA is spliced into
six isoforms: 0N3R, 0N4R, 1N3R, 1N4R, 2N3R and 2N4R. In the peripheral nervous system,
the longer tau isoform is expressed because of the exon 4a insertion. The microtubule-binding
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domains (MTBD) are located on the carboxyl terminal of tau and
consist of three or four 31 amino acid repeats (R; Mandelkow and
Mandelkow, 2012; West and Bhugra, 2015).
The relationship between tau and neurodegenerative
diseases was recognized through the characterization of
the components of neurofibrillary tangles (NFT). NFT are
one of the major pathological hallmarks in brains affected
by neurodegenerative diseases. Studies using human brains
suggested that the frequency and distribution of NFT are
highly correlated with neuronal loss and clinical symptoms
(Arriagada et al., 1992; Delacourte et al., 1999). In addition,
since 1998, more than 40 mutations in the tau gene were
identified in frontotemporal dementia with parkinsonism-17
(FTDP-17), which is a hereditary disease (Mandelkow
and Mandelkow, 2012). Therefore, aberrant tau protein
may have a causal relationship with the pathogenesis of
neurodegeneration.
Tau-inclusions are observed in the brains of patients affected
by several neurodegenerative diseases; therefore, these diseases
are termed tauopathies. One hereditary tauopathy is FTDP-17,
which is caused by mutations in MAPT (Goedert et al., 1998;
Spillantini and Goedert, 2000). Sporadic tauopathies include
several neurodegenerative diseases, such as Alzheimer’s disease
(AD), frontotemporal dementia, cortical basal degeneration,
progressive supranuclear palsy and others (Spillantini and
Goedert, 2013).
AD is the most common neurodegenerative disease that
causes senile dementia. The pathogenesis of AD is still largely
unknown (Mandelkow andMandelkow, 2012; West and Bhugra,
2015). There are three major pathological characteristics of AD,
including senile plaques formed by amyloid beta, NFT formed by
tau and neuronal loss. Beta and gamma secretases cleave amyloid
beta precursor protein (APP) to produce amyloid beta. Based on
the analysis of human brain tissue, senile plaques are detected
earlier than NFT in the cerebral neocortex (Braak and Braak,
1997; Hardy and Selkoe, 2002).
The importance of senile plaques in the pathogenesis of
AD was recognized by genetic analysis. Linkage studies of
familial AD revealed mutations in APP, PSEN1 (PS1) and
PSEN2 (PS2; Hardy and Selkoe, 2002). Meanwhile, PS1 and
PS2 were identified as key components of gamma-secretase,
one of the enzymes involved in the processing of APP
to amyloid beta (Hardy and Selkoe, 2002). These results
suggested that production of amyloid beta and formation
of senile plaques may cause AD in a direct or an indirect
manner. Tau pathology may be associated with amyloid
beta in the neocortex (Braak and Braak, 1997). Therefore,
it is widely hypothesized that amyloid beta is an upstream
causative factor in the pathogenesis of AD, which is known
as the amyloid beta cascade hypothesis (Hardy and Selkoe,
2002). Alternatively, previous findings indicated that tau is
essential for the pathogenesis induced by amyloid beta. For
example, using human APP transgenic-mice, Roberson et al.
(2007) suggested that suppressing endogenous tau effectively
ameliorated amyloid beta-induced neurotoxicity; thus, tau
may be a downstream effector of the amyloid beta cascade
and is a potential therapeutic target for AD (Giacobini and
Gold, 2013). In addition, tau is also essential for amyloid
beta-induced neurotoxicity in cultured cells (Rapoport et al.,
2002).
NEUROTOXIC SPECIES OF TAU
Because of the association between NFT and neuronal cell
loss, it is believed that formation of tau-inclusions may cause
toxicity to neuronal cells via an unknown pathway. To date,
the biochemical characteristics of accumulated tau (PHF-tau)
have been widely studied. Some abnormal post-translational
modifications have been identified, including phosphorylation,
ubiquitination, glycosylation and acetylation (Mandelkow and
Mandelkow, 2012). However, there is no conclusive evidence of
the involvement of tau-inclusions in neurotoxicity for any of the
post-translational modifications.
Another possible neurotoxic mechanism of tau was identified
in pathological studies. Studies on AD in the cerebral neocortex
suggested that the number of neurons lost is greater than
the number of neurons affected by NFT (Gomez-Isla et al.,
1997). In general, after neuronal death, NFT become ghost
tangles (Braak et al., 1994). Therefore, neuronal loss without
ghost tangles suggested that an NFT-independent mechanism
contributed to neurotoxicity in AD brains, especially in the
cerebral neocortex. Santacruz et al. (2005) suppressed tau
expression in a tau-transgenic mouse model using the Tet-Off
system, which effectively improved neuronal function but
did not alter the number of tau-inclusions. Gilley et al.
(2016) developed tau knock-in mouse lines and found that
neurotoxicity was induced without tau-inclusions. Wheeler
et al. (2015) also generated a human tau transgenic mouse
and observed behavioral deficits in the absence of NFT-like
inclusions. Moreover, human tau-A152T (a rare tau mutation)
transgenic mice showed neuronal dysfunction without insoluble
tau aggregates, suggesting a neurotoxic mechanism involving
soluble tau (Coppola et al., 2012; Maeda et al., 2016). Analyses
of Drosophila and Caenorhabditis elegans (C. elegans) also
suggested that the mechanism of neurotoxicity is not always
associated with the formation of NFT-like tau-inclusions, which
raised the possibility that toxic species of tau do not include
NFT-like tau-inclusions (Spittaels et al., 1999; Cowan and
Mudher, 2013; Xie et al., 2014). In addition, Kuchibhotla
et al. (2014) found that neurons bearing tau-inclusions
exhibited normal activity as detected by two-photon calcium
imaging.
Some hypotheses regarding specific toxic tau species have
been proposed. Currently, tau oligomers are an attractive
target. Lasagna-Reeves et al. (2010, 2011) prepared tau
oligomers seeded by amyloid beta aggregates and used the
oligomers to treat cultured cells and wild-type mice and
examined neurotoxicity. Their results suggested that tau
oligomers, rather than tau monomers and fibers, induced
significant neurotoxicity. Furthermore, they prepared an
anti-tau oligomer antibody, T22, to examine AD brains
and suggested that the number of T22 positive cells was
significantly higher than the normal controls. Similar results
from Patterson et al. (2011) suggested that there is a higher
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number of cells positive for the anti-tau dimer and oligomer
antibody TOC1 in AD brains than the normal controls.
However, because these anti-tau antibodies are cross-reactive
with tau fibers to some extent, we should be cautious
in our interpretation of the role of tau oligomers in the
pathogenesis of AD.
THE NEUROTOXIC SEQUENCES OF TAU
Because the formation of tau-inclusions takes months to a few
years, neuronal dysfunction may occur before neuronal death
(Miyasaka et al., 2005). Thus, to analyze tau neurotoxicity, the
best choice is to examine in vivo models with well-characterized
neural networks.
C. elegans is an organism that normally dwells in the
soil. C. elegans is a widely used experimental animal because
of its short lifespan, its convenient genetic manipulation
and its fully sequenced genome. Moreover, approximately
42% of human disease-related genes have orthologs
in the C. elegans genome. To date, many studies have
used C. elegans to research neurodegenerative diseases,
including tauopathy (Markaki and Tavernarakis, 2010;
Li and Le, 2013).
We constructed cDNA of full-length human tau and its
fragments downstream of the unc119 promoter to overexpress
tau in C. elegans neurons. The results suggested the aberrant
behavior (uncoordinated movement, UNC) was caused by
neuronal dysfunction due to tau expression. The UNC was
not induced by expression of other tau-unrelated proteins
such as GFP, which significantly exceeded tau expression
levels. Moreover, tau expression levels influenced UNC in a
dose-dependent manner and UNC was significantly worse in
the FTDP-17 mutants. These results suggested that transgenic
C. elegans is a good in vivo model for the study of neurotoxicity
induced by tau (Xie et al., 2014; Miyasaka et al., 2016).
Biochemical analysis suggested that expressed tau in
C. elegans is hyperphosphorylated and disassociated with
microtubules, which is similar to PHF-tau. In addition,
expressed tau is soluble in Triton X-100, Sarkosyl and RIPA
buffer, suggesting the absence of NFT-like tau-inclusions in the
C. elegans model. However, morphological analysis revealed
aberrant tortuous processes on the nerve fibers, which suggested
that neurotoxicity is independent of tau-inclusion formation
(Xie et al., 2014; Miyasaka et al., 2016).
Next, we asked which sequence is responsible for tau
neurotoxicity. The full-length, carboxyl terminal and amino
terminal of tau were separately overexpressed in the nervous
system of C. elegans. Then, neurotoxicity was evaluated using
the percentage of C. elegans exhibiting UNC. Neurotoxicity
was observed in tau-transgenic C. elegans overexpressing the
full length and carboxyl terminal but not in the animals
overexpressing the amino terminal. Moreover, the analysis of
tau isoforms revealed that four-repeat tau induced significantly
more severe neurotoxicity than three-repeat tau in transgenic
C. elegans. These results suggested that the carboxyl terminal
of tau, including MTBD, was responsible for neurotoxicity
(Xie et al., 2014).
THE CARBOXYL TERMINAL OF TAU
The structure of tau is mainly separated into two parts,
including the amino-terminal sequences and the carboxyl-
terminal sequences. As a microtubule-associated protein, the
carboxyl terminal of tau is notable because of the special
microtubule binding sites with repeats (Figure 1). Interestingly,
the carboxyl terminal of tau is also the key domain that
forms the core structure of NFT under pathological conditions
(Kondo et al., 1988; Wischik et al., 1988; Jakes et al., 1991).
These facts suggested that there may be competition between
the physiological functions and pathological aggregation of tau
(Kadavath et al., 2015).
Xu et al. (2016) found that exposing the carboxyl terminal
may promote tau aggregation. Additionally, a portion of the
carboxyl terminal of tau is enough to form Alzheimer’s filaments
(von Bergen et al., 2000). In addition to tau aggregation,
MTBD is enough to induce neurotoxicity in tau pathological
models (Sanders et al., 2014; Decker et al., 2015; Hochgräfe
et al., 2015). Most MAPT mutations, such as G272V, V337M
and R406W and post-translational modifications including
acetylation, O-GlcNAc modification and phosphorylation, are
located on the carboxyl terminal of tau (Goedert et al., 1998;
Spillantini and Goedert, 2000; Mandelkow and Mandelkow,
2012; Yuzwa et al., 2012). Acetylation of K280, which is localized
in MTBD, accelerates pathological tau aggregation and increases
tau neurotoxicity in vivo (Cohen et al., 2011; Gorsky et al., 2016).
Deletion of K280 strikingly enhances the aggregation propensity
and cellular toxicity of tau, despite a decrease in the expression
of 4R-tau (Khlistunova et al., 2006; Mocanu et al., 2008; Momeni
et al., 2009). Moreover, Taniguchi-Watanabe et al. (2016) found
different carboxyl-terminal band patterns in various tauopathies,
indicating a novel classification for each tau-related disease.
This increasing evidence provided us with insight into the close
relationship between the carboxyl-terminal sequences of tau and
the pathogenesis of tauopathies.
THE POTENTIAL RELATIONSHIP
BETWEEN MAP2 AND TAUOPATHY
As described above, the carboxyl-terminal sequences of tau
are closely involved in the pathogenesis of tauopathy. If these
findings are accurate, then another question should be asked.
Does microtubule-associated protein 2 (MAP2), which shares
carboxyl-terminal sequences with tau, also induce neurotoxicity
and associate with tauopathies? Under physiological conditions,
tau is located in the axons, whereas MAP2 is located in
the cell body and dendrites (Dehmelt and Halpain, 2005). In
brains affected by tauopathy, the somatodendrites containing
MAP2 overlap with the area where tau pathology is observed.
Thus, understanding the properties of MAP2 will help us better
understand the pathogenesis of tauopathy (Figure 1).
The relationship between tau and neurodegenerative diseases
has been widely studied. However, few reports link MAP2 to
human diseases. After tau was identified as the major component
of NFT, there were different opinions on whether MAP2 was also
a component of NFT. Kosik et al. (1984) prepared anti-MAP2
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FIGURE 1 | (A) The comparison of full-length amino acid sequences of tau (0N3R) and microtubule-associated protein 2c (MAP2c). Epitopes of anti-tau antibodies,
including AT8, AT100, AT180, pS262, PHF1, AP422 and T46, are shown. Note that MAP2 also has a similar amino acid sequence with the epitopes of some
antibodies that recognize the carboxyl-terminal region of tau. For consistency, in the article, the numbers of the amino acids in tau mutations and phosphorylated
sites correspond to the longest tau isoform 2N4R. (B) Table of functional and pathological features between tau and MAP2.
monoclonal antibodies and suggested that MAP2 may localize
to NFT using immunochemistry methods. Whereas Rosemblatt
et al. (1989) claimed that MAP2 is not located in NFT. The
results of Nukina et al. (1987) suggested that the contradiction
may be caused by cross-reactivity between anti-MAP2 antibodies
and tau.
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FIGURE 2 | The hypothesis of the potential involvement of MAP2 in the pathogenesis of tauopathy.
The amino terminal of tau projects from part of the core
structure of NFT and is gradually cut off with increasing
aggregation time (Miyasaka et al., 2005). In adult human brains,
MAP2 is mainly expressed as a 280 kDa isoform, which has
a longer amino-terminal projecting domain than tau and may
be more easily removed by proteases. Therefore, although the
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anti-MAP2 amino-terminal antibodies are not considered to
cross-react with tau, inaccurate results may be obtained due
to MAP2 degradation. To solve this issue, we focused on the
differences between homologous carboxyl-terminal sequences of
tau and MAP2, and prepared anti-MAP2 polyclonal antibodies,
which did not cross-react with tau. Using these new anti-MAP2
antibodies, we examined MAP2 localization in AD brains and
found that MAP2 remained in the tangle-bearing neurons, but
did not co-localize with NFT (Xie et al., 2014). Moreover, the
Sarkosyl-insoluble fractions from human AD brains and normal
controls were immunoblotted with tau and MAP2 antibodies.
The results suggested that tau, but not MAP2, was deposited
in the Sarkosyl-insoluble fractions from AD brains (Xie et al.,
2014). Although tau and MAP2 share homologous carboxyl-
terminal sequences, they experience different fates during NFT
formation.
Why do tau and MAP2 have different fates in AD brains?
To answer this question, we expressed and purified recombinant
tau and MAP2 from E. coli, and investigated their aggregation
properties. Tau aggregates in the presence of heparin in vitro,
which can be detected by Thioflavin T (ThT; Goedert et al.,
1996). Thus, the aggregation properties of tau and MAP2 were
compared with an in vitro aggregation method. The results
showed that the fluorescence of ThT increased by incubating tau
with heparin. However, whenMAP2 and heparin were incubated
together, the fluorescence remained low. The aggregated
fractions were further examined by atomic force microscope, and
we found that tau formed fibers, whereasMAP2 formed granules.
Therefore, tau andMAP2 have completely different properties of
aggregation (Xie et al., 2015).
Further, we constructed, expressed and purified a series
of tau and MAP2 mutants to identify their aggregation
abilities using the same methods described above. The results
suggested that the homologous carboxyl terminal of tau and
MAP2 are the key domains that determine their aggregation
properties. Exchanging three amino acids of the carboxyl-
terminal sequences can reverse their fiber formation abilities.
Therefore, the different aggregation properties between tau and
MAP2 are only determined by three amino acids around K280
(Xie et al., 2015).
We finally used transgenic C. elegans to examine and
compare the neurotoxicity of MAP2 and tau. The results
suggested for the first time that MAP2 also induced significant
neurotoxicity similar to tau. Interestingly, the key neurotoxic
sequences are in the homologous carboxyl terminal of MAP2
(Xie et al., 2014). Thus, MAP2 and tau both induced
neurotoxicity via their homologous carboxyl-terminal sequences
in vivo. However, MAP2 is not deposited in NFT and
does not form fibers comparable to tau (Xie et al., 2014,
2015). Therefore, fiber formation and neurotoxicity may be
unrelated.
CONCLUSIONS
Most of the studies on dementia focus on the proteins
forming specific pathological inclusions. However, it is unknown
whether the pathological inclusions are byproducts or causative
factors. Currently, genetic analysis is the most powerful tool
to identify causative factors in human diseases. However,
mutations in tau are not found in sporadic tauopathies,
including AD. We cannot exclude the possibility that the
pathogenesis of familial and sporadic tauopathies is different.
In familial hereditary tauopathy, aberrant tau inclusions
induce neurotoxicity because of mutations in the MAPT
gene. Whereas in sporadic tauopathy, especially in AD,
mutations in APP, PS1 and PS2, aging and other risk factors
produce amyloid beta that forms senile plaques and then
leads to tau pathology through unknown processes. Moreover,
amyloid beta toxicity mainly localizes to the somatodendritic
area where MAP2 is located. MAP2 may also be involved
in the pathogenesis of tauopathies, but it is difficult to
find MAP2 inclusions because of its weak fiber-formation
abilities. However, MAP2 can induce neurotoxicity via the
homologous carboxyl-terminal sequence, which may cause
neuronal dysfunction without leaving any pathological traces
(Figure 2).
AUTHOR CONTRIBUTIONS
CX and TM wrote the article and had final approval of the
submitted and published versions.
FUNDING
Supported in part by Grant-in-Aid (KAKENHI) for Young
Scientists (B) 20700324 to TM and 24700368 to CX and Grant-
in-Aid for Scientific Research on Innovative Areas (Brain Protein
Aging and Dementia Control 26117004 to TM).
REFERENCES
Arriagada, P. V., Growdon, J. H., Hedley-Whyte, E. T., and Hyman, B. T. (1992).
Neurofibrillary tangles but not senile plaques parallel duration and severity of
Alzheimer’s disease. Neurology 42, 631–639. doi: 10.1212/wnl.42.3.631
Braak, H., and Braak, E. (1997). Frequency of stages of Alzheimer-related lesions
in different age categories. Neurobiol. Aging 18, 351–357. doi: 10.1016/s0197-
4580(97)00056-0
Braak, E., Braak, H., and Mandelkow, E. M. (1994). A sequence of cytoskeleton
changes related to the formation of neurofibrillary tangles and neuropil threads.
Acta Neuropathol. 87, 554–567. doi: 10.1007/s004010050124
Cohen, T. J., Guo, J. L., Hurtado, D. E., Kwong, L. K., Mills, I. P.,
Trojanowski, J. Q., et al. (2011). The acetylation of tau inhibits its function
and promotes pathological tau aggregation. Nat. Commun. 2:252. doi: 10.1038/
ncomms1255
Coppola, G., Chinnathambi, S., Lee, J. J., Dombroski, B. A., Baker, M. C., Soto-
Ortolaza, A. I., et al. (2012). Evidence for a role of the rare p.A152T variant in
MAPT in increasing the risk for FTD-spectrum andAlzheimer’s diseases.Hum.
Mol. Genet. 21, 3500–3512. doi: 10.1093/hmg/dds161
Cowan, C. M., and Mudher, A. (2013). Are tau aggregates toxic or
protective in tauopathies? Front. Neurol. 4:114. doi: 10.3389/fneur.2013.
00114
Decker, J. M., Krüger, L., Sydow, A., Zhao, S., Frotscher, M., Mandelkow, E.,
et al. (2015). Pro-aggregant Tau impairs mossy fiber plasticity due to structural
changes and Ca++ dysregulation. Acta Neuropathol. Commun. 3:23. doi: 10.
1186/s40478-015-0193-3
Frontiers in Molecular Neuroscience | www.frontiersin.org 6 December 2016 | Volume 9 | Article 158
Xie and Miyasaka Neurofibrillary Tangle Formation and Neurotoxicity
Dehmelt, L., and Halpain, S. (2005). The MAP2/Tau family of microtubule-
associated proteins. Genome Biol. 6:204. doi: 10.1186/gb-2004-6-1-204
Delacourte, A., David, J. P., Sergeant, N., Buée, L., Wattez, A., Vermersch, P.,
et al. (1999). The biochemical pathway of neurofibrillary degeneration in
aging and Alzheimer’s disease. Neurology 52, 1158–1165. doi: 10.1212/wnl.
52.6.1158
Giacobini, E., and Gold, G. (2013). Alzheimer disease therapy—moving from
amyloid-β to tau. Nat. Rev. Neurol. 9, 677–686. doi: 10.1038/nrneurol.
2013.223
Gilley, J., Ando, K., Seereeram, A., Rodríguez-Martín, T., Pooler, A.M., Sturdee, L.,
et al. (2016). Mislocalization of neuronal tau in the absence of tangle pathology
in phosphomutant tauknockin mice. Neurobiol. Aging 39, 1–18. doi: 10.1016/j.
neurobiolaging.2015.11.028
Goedert, M., Crowther, R. A., and Spillantini, M. G. (1998). Tau mutations
cause frontotemporal dementias. Neuron 21, 955–958. doi: 10.1016/s0896-
6273(00)80615-7
Goedert, M., Jakes, R., Spillantini, M. G., Hasegawa, M., Smith, M. J., and
Crowther, R. A. (1996). Assembly of microtubule-associated protein tau into
Alzheimer-like filaments induced by sulphated glycosaminoglycans. Nature
383, 550–553. doi: 10.1038/383550a0
Gomez-Isla, T., Hollister, R., West, H., Mui, S., Growdon, J. H., Petersen, R. C.,
et al. (1997). Neuronal loss correlates with but exceeds neurofibrillary
tangles in Alzheimer’s disease. Ann. Neurol. 41, 17–24. doi: 10.1002/ana.4104
10106
Gorsky, M. K., Burnouf, S., Dols, J., Mandelkow, E., and Partridge, L. (2016).
Acetylation mimic of lysine 280 exacerbates human Tau neurotoxicity in vivo.
Sci. Rep. 6:22685. doi: 10.1038/srep22685
Hardy, J., and Selkoe, D. J. (2002). The amyloid hypothesis of Alzheimer’s disease:
progress and problems on the road to therapeutics. Science 297, 353–356.
doi: 10.1126/science.1072994
Hochgräfe, K., Sydow, A., Matenia, D., Cadinu, D., Könen, S., Petrova, O.,
et al. (2015). Preventive methylene blue treatment preserves cognition in mice
expressing full-length pro-aggregant human Tau. Acta Neuropathol. Commun.
3:25. doi: 10.1186/s40478-015-0204-4
Jakes, R., Novak, M., Davison, M., and Wischik, C. M. (1991). Identification of
3- and 4-repeat tau isoforms within the PHF in Alzheimer’s disease. EMBO J.
10, 2725–2729.
Kadavath, H., Hofele, R. V., Biernat, J., Kumar, S., Tepper, K., Urlaub, H., et al.
(2015). Tau stabilizes microtubules by binding at the interface between tubulin
heterodimers. Proc. Natl. Acad. Sci. U S A 112, 7501–7506. doi: 10.1073/pnas.
1504081112
Khlistunova, I., Biernat, J., Wang, Y., Pickhardt, M., von Bergen, M., Gazova, Z.,
et al. (2006). Inducible expression of Tau repeat domain in cell models of
tauopathy: aggregation is toxic to cells but can be reversed by inhibitor drugs.
J. Biol. Chem. 281, 1205–1214. doi: 10.1074/jbc.m507753200
Kimura, T., Whitcomb, D. J., Jo, J., Regan, P., Piers, T., Heo, S., et al. (2013).
Microtubule-associated protein tau is essential for long-term depression in the
hippocampus. Philos. Trans. R. Soc. Lond. B Biol. Sci. 369:20130144. doi: 10.
1098/rstb.2013.0144
Kondo, J., Honda, T., Mori, H., Hamada, Y., Miura, R., Ogawara, M., et al. (1988).
The carboxyl third of tau is tightly bound to paired helical filaments. Neuron 1,
827–834. doi: 10.1016/0896-6273(88)90130-4
Kosik, K. S., Duffy, L. K., Dowling, M. M., Abraham, C., McCluskey, A., and
Selkoe, D. J. (1984). Microtubule-associated protein 2: monoclonal antibodies
demonstrate the selective incorporation of certain epitopes into Alzheimer
neurofibrillary tangles. Proc. Natl. Acad. Sci. U S A 81, 7941–7945. doi: 10.
1097/00002093-198701040-00018
Kuchibhotla, K. V., Wegmann, S., Kopeikina, K. J., Hawkes, J., Rudinskiy, N.,
Andermann, M. L., et al. (2014). Neurofibrillary tangle-bearing neurons are
functionally integrated in cortical circuits in vivo. Proc. Natl. Acad. Sci. U S A
111, 510–514. doi: 10.1073/pnas.1318807111
Lasagna-Reeves, C. A., Castillo-Carranza, D. L., Guerrero-Muoz, M. J.,
Jackson, G. R., and Kayed, R. (2010). Preparation and characterization
of neurotoxic tau oligomers. Biochemistry 49, 10039–10041. doi: 10.
1021/bi1016233
Lasagna-Reeves, C. A., Castillo-Carranza, D. L., Sengupta, U., Clos, A. L.,
Jackson, G. R., and Kayed, R. (2011). Tau oligomers impair memory and induce
synaptic and mitochondrial dysfunction in wild-type mice.Mol. Neurodegener.
6:39. doi: 10.1186/1750-1326-6-39
Li, J., and Le, W. (2013). Modeling neurodegenerative diseases in Caenorhabditis
elegans. Exp. Neurol. 250, 94–103. doi: 10.1016/j.expneurol.2013.09.024
Maeda, S., Djukic, B., Taneja, P., Yu, G. Q., Lo, I., Davis, A., et al. (2016).
Expression of A152T human tau causes age-dependent neuronal dysfunction
and loss in transgenic mice. EMBO Rep. 17, 530–551. doi: 10.15252/embr.
201541438
Mandelkow, E. M., and Mandelkow, E. (2012). Biochemistry and cell biology of
tau protein in neurofibrillary degeneration. Cold Spring Harb. Perspect. Med.
2:a006247. doi: 10.1101/cshperspect.a006247
Markaki, M., and Tavernarakis, N. (2010). Modeling human diseases in
Caenorhabditis elegans. Biotechnol. J. 5, 1261–1276. doi: 10.1002/biot.
201000183
Miyasaka, T., Watanabe, A., Saito, Y., Murayama, S., Mann, D. M., Yamazaki, M.,
et al. (2005). Visualization of newly deposited tau in neurofibrillary tangles and
neuropil threads. J. Neuropathol. Exp. Neurol. 64, 665–674. doi: 10.1097/01.
jnen.0000173890.79058.1d
Miyasaka, T., Xie, C., Yoshimura, S., Shinzaki, Y., Yoshina, S., Kage-Nakadai, E.,
et al. (2016). Curcumin improves tau-induced neuronal dysfunction of
nematodes. Neurobiol. Aging 39, 69–81. doi: 10.1016/j.neurobiolaging. 2015.
11.004
Mocanu,M.M., Nissen, A., Eckermann, K., Khlistunova, I., Biernat, J., Drexler, D.,
et al. (2008). The potential for β-structure in the repeat domain of tau protein
determines aggregation, synaptic decay, neuronal loss and coassembly with
endogenous Tau in inducible mouse models of tauopathy. J. Neurosci. 28,
737–748. doi: 10.1523/JNEUROSCI.2824-07.2008
Momeni, P., Pittman, A., Lashley, T., Vandrovcova, J., Malzer, E., Luk, C., et al.
(2009). Clinical and pathological features of an Alzheimer’s disease patient
with theMAPT ∆K280 mutation.Neurobiol. Aging 30, 388–393. doi: 10.1016/j.
neurobiolaging.2007.07.013
Nukina, N., Kosik, K. S., and Selkoe, D. J. (1987). Recognition of Alzheimer
paired helical filaments by monoclonal neurofilament antibodies is due to
crossreaction with tau protein. Proc. Natl. Acad. Sci. U S A 84, 3415–3419.
doi: 10.1097/00002093-198701040-00025
Patterson, K. R., Remmers, C., Fu, Y., Brooker, S., Kanaan, N. M., Vana, L.,
et al. (2011). Characterization of prefibrillar Tau oligomers in vitro and in
Alzheimer disease. J. Biol. Chem. 286, 23063–23076. doi: 10.1074/jbc.M111.
237974
Rapoport, M., Dawson, H. N., Binder, L. I., Vitek, M. P., and Ferreira, A. (2002).
Tau is essential to β-amyloid-induced neurotoxicity. Proc. Natl. Acad. Sci. U S A
99, 6364–6369. doi: 10.1073/pnas.092136199
Roberson, E. D., Scearce-Levie, K., Palop, J. J., Yan, F., Cheng, I. H., Wu, T., et al.
(2007). Reducing endogenous tau ameliorates amyloid β-induced deficits in an
Alzheimer’s disease mouse model. Science 316, 750–754. doi: 10.1126/science.
1141736
Rosemblatt, M., Fellous, A., Mazie, J. C., Delacourte, A., and Defossez, A.
(1989). Alzheimer’s disease: microtubule-associated proteins 2 (MAP2) are
not components of paired helical filaments. FEBS Lett. 252, 91–94. doi: 10.
1016/0014-5793(89)80895-6
Sanders, D. W., Kaufman, S. K., DeVos, S. L., Sharma, A. M., Mirbaha, H., Li, A.,
et al. (2014). Distinct tau prion strains propagate in cells and mice and define
different tauopathies. Neuron 82, 1271–1288. doi: 10.1016/j.neuron.2014.
04.047
Santacruz, K., Lewis, J., Spires, T., Paulson, J., Kotilinek, L., Ingelsson, M.,
et al. (2005). Tau suppression in a neurodegenerative mouse model improves
memory function. Science 309, 476–481. doi: 10.1126/science.1113694
Spillantini, M. G., and Goedert, M. (2000). Tau mutations in familial
frontotemporal dementia. Brain 123, 857–859. doi: 10.1093/brain/123.
5.857
Spillantini, M. G., and Goedert, M. (2013). Tau pathology and neurodegeneration.
Lancet Neurol. 12, 609–622. doi: 10.1016/S1474-4422(13)70090-5
Spittaels, K., Van den Haute, C., Van Dorpe, J., Bruynseels, K., Vandezande, K.,
Laenen, I., et al. (1999). Prominent axonopathy in the brain and spinal cord of
transgenic mice overexpressing four-repeat human tau protein. Am. J. Pathol.
155, 2153–2165. doi: 10.1016/s0002-9440(10)65533-2
Taniguchi-Watanabe, S., Arai, T., Kametani, F., Nonaka, T., Masuda-
Suzukake, M., Tarutani, A., et al. (2016). Biochemical classification of
tauopathies by immunoblot, protein sequence and mass spectrometricanalyses
of sarkosyl-insoluble and trypsin-resistant tau. Acta Neuropathol. 131,
267–280. doi: 10.1007/s00401-015-1503-3
Frontiers in Molecular Neuroscience | www.frontiersin.org 7 December 2016 | Volume 9 | Article 158
Xie and Miyasaka Neurofibrillary Tangle Formation and Neurotoxicity
von Bergen, M., Friedhoff, P., Biernat, J., Heberle, J., Mandelkow, E. M., and
Mandelkow, E. (2000). Assembly of tau protein into Alzheimer paired helical
filaments depends on a local sequence motif (306VQIVYK311) forming β
structure. Proc. Natl. Acad. Sci. U S A 97, 5129–5134. doi: 10.1073/pnas.97.10.
5129
West, S., and Bhugra, P. (2015). Emerging drug targets for Aβ and tau in
Alzheimer’s disease: a systematic review. Br. J. Clin. Pharmacol. 80, 221–234.
doi: 10.1111/bcp.12621
Wheeler, J. M., McMillan, P. J., Hawk, M., Iba, M., Robinson, L., Xu, G. J.,
et al. (2015). High copy wildtype human 1N4R tau expression promotes early
pathological tauopathy accompanied by cognitive deficits without progressive
neurofibrillary degeneration. Acta Neuropathol. Commun. 3:33. doi: 10.
1186/s40478-015-0210-6
Wischik, C. M., Novak, M., Thøgersen, H. C., Edwards, P. C., Runswick, M. J.,
Jakes, R., et al. (1988). Isolation of a fragment of tau derived from the core of
the paired helical filament of Alzheimer disease. Proc. Natl. Acad. Sci. U S A 85,
4506–4510. doi: 10.1073/pnas.85.12.4506
Xie, C., Miyasaka, T., Yoshimura, S., Hatsuta, H., Yoshina, S., Kage-Nakadai, E.,
et al. (2014). The homologous carboxyl-terminal domains of microtubule-
associated protein 2 and Tau induce neuronal dysfunction and have differential
fates in the evolution of neurofibrillary tangles. PLoS One 9:e89796. doi: 10.
1371/journal.pone.0089796
Xie, C., Soeda, Y., Shinzaki, Y., In, Y., Tomoo, K., Ihara, Y., et al. (2015).
Identification of key amino acids responsible for the distinct aggregation
properties of microtubule-associated protein 2 and tau. J. Neurochem. 135,
19–26. doi: 10.1111/jnc.13228
Xu, L., Zheng, J., Margittai, M., Nussinov, R., and Ma, B. (2016). How
does Hyperphosphorylation promote tau aggregation and filament structure
and stability? ACS Chem Neurosci. 7, 565–575. doi: 10.1021/acschemneuro.
5b00294
Yuzwa, S. A., Shan, X., Macauley, M. S., Clark, T., Skorobogatko, Y., Vosseller, K.,
et al. (2012). Increasing O-GlcNAc slows neurodegeneration and stabilizes tau
against aggregation. Nat. Chem. Biol. 8, 393–399. doi: 10.1038/nchembio.797
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Xie and Miyasaka. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution and reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Molecular Neuroscience | www.frontiersin.org 8 December 2016 | Volume 9 | Article 158
